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Sound Localization Abilities of Two Florida Manatees, Trichechus manatus latirostris
Debborah E. Colbert
ABSTRACT
Florida manatees (Trichechus manatus latirostris) live in the shallow, often turbid
inland and coastal waters of the southeastern United States. Since their vision is poor
(Bauer et al., 2003), other senses probably guide orientation. Previous studies have found
that manatees can hear over 40 kHz (Gerstein et al., 1999) and have the capacity for rapid
auditory temporal processing (Mann et al., 2005). However, it is not known if manatees
have the ability to localize underwater sounds.
Two Florida manatees were trained to identify underwater sound source locations
using a four-choice discrimination paradigm. Three broad-band signals ( 0.2 - 20, 6 - 20,
and 0.2 – 2kHz) were tested at four durations (3,000, 1,000, 500, and 200ms) and two
tonal signals (4 and 16kHz) were tested with a 3,000ms duration.
A total of 1,008 test trials were analyzed per subject. Both manatees learned the
task easily, and could localize all of the test signals at a performance rate well above the
25% chance level. Within all of the broad-band conditions, performance accuracy ranged
from 93% - 79% for Buffett, and 93% - 51% for Hugh. Broad-band signal duration did
not have an effect on performance accuracy with Buffett who ranged from 89% to 87%,
but did with Hugh who ranged from 87% - 58%. Broad-band frequency type did not
have an effect on performance accuracy with Buffett who averaged 90%, 86%, and 89%,
viii

but may have with Hugh who averaged from 76%, 68%, and 65% at the 0.2 – 20, 6 – 20,
and 0.2 – 2 kHz conditions. Both animals performed above chance levels with the pure
tone signals, but at a much lower accuracy rate with Hugh at 49% and 32% and Buffett at
44% and 33% with the 4 kHz and 16 kHz conditions.
Results from this experiment provide information about the manatees’ ability to
localize different types of sounds in a controlled environment. This knowledge is
important for understanding how manatees detect and localize noise generated from
conspecifics and boat engines and contributes to making competent conservation
management decisions about these endangered marine mammals.

ix

Introduction
The Florida Manatee
The Family Trichechidae is composed of the Amazonian manatee (Trichechus
inunguis), the West African manatee (Trichechus senegalensis), and the West Indian
manatee (Trichechus manatus). All three species have a long, spindle-shaped body that
is dark gray and covered with evenly distributed hairs. Their agile lips are densely
covered with thicker vibrissae. They lack hind limbs but have a large paddle-shaped tail
to propel them and flexible front pectoral flippers.
The West Indian manatee is divided into two sub-species, the Antillean manatee
(Trichechus manatus manatus) and the Florida manatee (Trichechus manatus latirostris)
(Domning and Hayek, 1986). The Florida manatee is the species that this paper focuses
upon and will be discussed in greater detail. It is typically found in the coastal waterways
surrounding the peninsula of Florida, but can range as far north as Virginia and as far
west as Louisiana. It lives in turbid saltwater habitats in the summer when these waters
are warm and grazes primarily on sea grass (Reynolds and Odell, 1991). In the colder
months, it needs to migrate to warmer water habitats, such as freshwater springs and
power plant discharge sites (Reynolds and Wilcox, 1986) where it feeds primarily on
water hyacinth, hydrilla, and other freshwater vegetation. The Florida manatee has been
referred to as a “semi-social” species (Reynolds, 1979). They are often found grazing or
traveling alone, although females with calves can be found together and large numbers of
males are found with an estrous female. The Florida manatee is very similar to the
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Antillean manatee in appearance and size. It is threatened by naturally occurring events
like cold stress and red tide, as well as human-influenced events such as boat strikes,
canal lock compression, and habitat degradation (Odell et al., 1979).
The Florida manatee is protected by both the Marine Mammal Protection Act
(1972) and the Endangered Species Act (1973). The January 2005 synoptic survey
estimated the endangered Florida manatee population to be 3,142 (Florida Fish and
Wildlife Research Institute, 2005). For many years, scientists have studied manatee
ecology and population biology through field research (Hartman, 1979; U.S. Fish and
Wildlife Service, 2001). As a result, numerous conservation efforts, all primarily focused
on human behavior, have been initiated to help preserve this species including the
installation of boater slow speed zones and manatee preservation areas. Although field
research provides crucial information about the manatee’s social structure, habitat usage,
and migratory patterns, the sensory processes of this species are just beginning to be
understood.
Manatee Sensory Systems
Historically, few studies have addressed manatee sensory processes, and those
that have, have tended to focus on the post-mortem physiology of the visual, tactile, and
auditory systems. More recently, behavioral studies conducted with captive manatees
have provided greater insight into these three sensory systems.
Anatomical and Physiological Studies
The physiology of the manatee visual system has been investigated through the
dissection of manatee eyes and visual cortex of the manatee brain. Several studies have
shown that the small manatee eye has relatively few retinal ganglion cells and lacks an
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accommodation mechanism which suggests that the eye has most likely adapted to dim
light conditions and is built for sensitivity rather than acuity (Walls, 1967; Piggins et al.,
1983; West et al., 1991). A later study of ganglion cell density indicates that the Florida
manatee has a limited visual resolution, with a minimum angle of resolution of 20
minutes of visual arc (Mass et al., 1997). In addition, two different types of cones have
been identified which suggest that manatees possess color vision (Cohen et al., 1982;
Ahnelt & Kolb, 2000; Ahnelt & Bauer, unpublished data).
The distribution and physiology of the manatee’s vibrissae and body hairs have
been investigated through post-mortem dissection. Six fields of perioral bristles, or
vibrissae, have been identified on the face of the Florida manatee. Each follicle is
composed of a dense connective tissue capsule with a prominent blood sinus complex
and substantial innervation, which suggests that the perioral bristles play a tactile sensory
role much like that of vibrissae in other mammals (Reep et al., 2001). The manatee’s
postcranial body hairs were also examined and all were found to contain a blood sinus
and were innervated by 20-50 axons. These results suggest the possibility that manatees
may possess a tactile system that can sense directionality in water currents, similar to that
of the lateral line of fish (Reep et al., 2002).
The physiology of the manatee ear has also been studied post-mortem (Klishen et
al., 1990). Heffner and Masterson (1990) developed a regression of interaural time
distances (IATD), the distance sound travels from one ear to the other, divided by the
speed of sound, for numerous mammals. These IATD’s have been correlated with the
upper frequency limits of the species. This regression found that animals with narrower
heads had smaller interaural and intermeatal distances and needed higher the frequency
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sensitivity to localize sounds. Studies of the manatee’s inner ear indicate that their IATD
falls between a minimum of 58 μsec when measured from intercochlear distances and a
maximum of 258 μsec when measured from the external intermeatal path, which fall
significantly below the regression and suggest that manatees would not have good
directional hearing (Ketten et al., 1992). A more recent investigation of sound
conduction through the zygomatic process of the squamosal bone found a lipid-filled
channel, similar to that observed in the lower jaw of cetaceans, which may facilitate
directional hearing (Ames et al., 2002). However, studies conducted by Mann et al.
(Personal Communication, 2005) which examined the manatee’s sound pathways do not
support this hypothesis.
Behavioral Studies
Three behavioral studies of manatee vision have been investigated and include
brightness discrimination, color discrimination, and visual acuity. Brightness
discrimination was tested with two West Indian manatees to measure sensitivity.
Sensitivity was measured by the relative reflection of targets in a two-choice
discrimination procedure, and results suggest that manatees have a Weber fraction of
0.35, similar to that of fur seals although considerably less than that of humans (Griebel
& Schmid, 1997). Color discrimination, also tested with West Indian manatees using a
two-choice discrimination task, found that manatees were able to discriminate blue and
green from a series of comparably bright grays (Griebel and Schmid, 1996). A study of
visual acuity of two Florida manatees was tested using a two-choice discrimination
paradigm with various grating widths. Results for one of the subjects, who had a
minimum angle of resolution measured at 21 minutes of visual arc, supported previous
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physiological studies conducted by Mass et al. (1997), however, the second subject’s was
measured at over a degree. These finding suggested that manatees have poor visual
acuity and that vision may be used as an orientation cue for large stimuli, but is not of
great utility in evaluating fine details (Bauer et al., 2003).
Three behavioral studies have investigated the tactile function of the manatee’s
facial vibrissae. An observational feeding study found that the large perioral bristles
located on the manatee’s upper lip are used in a prehensile manner during feeding
(Marshall et al., 1998 & 2003). A vibrissae sensitivity study conducted with an Antillean
manatee, using a two-choice discrimination paradigm with various grating widths,
suggested that manatees have good tactile discrimination abilities with a Weber fraction
of 0.14 (Bachteler & Dehnhardt, 1999). A similar study conducted with two Florida
manatees found a Weber fraction of 0.025 for one subject and 0.075 for the other (Bauer
et al., 2005). These results suggest that manatee’s tactile sensitivity probably plays an
important sensory role for the species as sensitivity was found to be comparable to that of
the human index finger (Weber fraction of 0.028 ) (Gaydos, 1958) and somewhat better
than that of the Antillean manatee (Bachteler & Dehnhardt, 1999) and the harbor seal
(Weber fraction of 0.08-0.13) (Dehnhardt & Kaminski, 1995).
Three behavioral approaches have been used in a number of studies which
investigate the manatee’s hearing ability: evoked potential techniques, behavioral testing,
and field testing. Evoked-potential techniques demonstrated that the largest evoked
potentials occurred in the range of 1 – 1.5 kHz but were also found up to 35 kHz (Bullock
et al., 1980, 1982; Popov & Supin, 1990). More recent evoked potential techniques
indicated that the frequency range of detection was from at least 0.2 - 40 kHz, but
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insensitivity of the measurement technique suggests some caution on the lower and upper
limits (Mann et al., 2005). The temporal resolution of the manatee’s auditory system was
also indirectly measured using Envelope Following Response techniques. Results
suggested that manatees could detect changes in amplitude modulated rates up 0.6 kHz
and had a temporal resolution that was intermediate to that of dolphins, who have
extremely high levels of temporal resolution and can detect changes up to 1.1 kHz, and
humans who are sensitive only to 0.2 kHz (Mann et al., 2005).
A manatee audiogram was obtained from two Florida manatees used a forcedchoice, two alternative testing paradigm (Gerstein et al., 1999). Results showed the
hearing thresholds of the subjects to range from 0.5 – 38 kHz for subject 1 and 0.4 – 46
kHz for subject 2. The frequency range of best hearing for both subjects was reported to
be between 6 – 20 kHz.
A field study investigated manatee responses to controlled boater approaches.
Results suggested that manatees oriented towards deeper channel waters and increased
their swimming speed when boats were approximately within 25 – 50 m of the manatee
(Nowacek et al., 2004). The results of both the physiological and behavioral studies of
the manatee’s auditory sensory system have demonstrated therefore, that manatees are
able to hear sounds within a specific range; however they do not address one critical
component of the manatee auditory system, their ability to localize these sounds.
Sound Localization
Sound localization is the auditory system’s ability to process the frequency, level,
and phase of a sound and associate it with the spatial location of that sound’s source
(Yost, 2000). There are three dimensions from which a sound can be localized, the
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vertical plane also called the up-down dimension, distance also called the near-far
dimension, and the azimuth plane also called the horizontal or left-right dimension. There
are three differential cues that can be used to evaluate and process sound localization
within these dimensions, interaural time, intensity, and phase differences. Interaural time
differences, also known as time of arrival cues, are a comparison of the sounds time of
arrival at each ear. Because the speed of sound is relatively constant, variations in
frequency do not have an effect on the perception of interaural time differences.
Interaural intensity level differences are interpreted when the sound is one intensity level
when it reaches the closest ear but then due to the shadowing effect of the head, is a
lower intensity level when it reaches the farthest ear. The intensity level difference is
dependent on the wavelength. Higher frequencies have shorter wavelengths causing a
greater sound shadow. Interaural phase differences are interpreted when the sound that
arrives in the first ear is in one period of the frequency but is out of phase and in another
period of the frequency when it hits the second ear. The phase difference is also
dependent on the wavelength.
The ability to localize sound is thought to be an evolutionarily conserved trait
vital for many species’ ability to find food and conspecifics while avoiding predation.
Numerous localization studies that measure minimum audible angles have been
conducted with terrestrial mammals. These studies measure the smallest detectable
difference in an angle of a sound source. Results from these studies have demonstrated
that most terrestrial mammals utilize some combination of interaural time, intensity level,
and phase difference cues, while some have reduced or lost the ability to use one or more
of these differential cues, and others do not seem to be able to use any of them.
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Many of the terrestrial mammals studied utilize some combination of interaural
cues. These species include humans (Stevens & Newman, 1936; Mills, 1972), squirrel
monkeys (Don & Star, 1972), macaques (Houben & Gourevitch, 1979; Brown et al.,
1980), the red fox (Isley & Gysel, 1975) the domestic cat (Casseday & Neff, 1973;
Wakeford and Robinson, 1974; Heffner & Heffner, 1988 B), gerbils (Heffner & Heffner,
1988 A), and Norway rats (Heffner & Heffner, 1985). However, all terrestrial animals
have not evolved the ability to use the three types of sound differential cues
interchangeably or in combination. The hedgehog (Masterson et al., 1975) and the
Northern grasshopper mouse (Heffner & Heffner, 1988 C) both seem to have reduced or
lost the ability to utilize phase difference cues. In addition, the elephant, horse, pig, goat
and cattle (Heffner & Heffner, 1982, 1984, 1989, and 1992 B) appear to have reduced or
lost the ability to use interaural intensity level difference cues. At least one species, the
pocket gopher (Geomys bursarius), is known to be incapable of using any of the
interaural time, intensity, and phase difference cues (Heffner & Heffner, 1990). Burda
(1990) suggested that this may be a result of this fossorial species’ adaptation to living in
an underground environment where azimuth cues have little meaning. Although similar
primitive species have not been studied, they may also lack the use of interaural
differential cues. While in-air localization may be difficult or impossible for some
terrestrial species, the ability to localize sounds underwater may present even more of a
challenge to marine mammals.
In-Air vs. In-Water Acoustic Properties
The speed of sound in air (340m/second) is almost five times slower than in water
(1500 m/second) (Urick, 1996). Therefore, marine mammal auditory systems need to be
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able to process the frequency, intensity level, and phase of sounds that move almost five
times faster than the sounds which terrestrial mammals need to process. The cost of
evolving such a specialized ability may seem exorbitant, however acoustic energy in
water propagates more efficiently than most other forms of energy such as light, thermal
or electromagnetic, which attenuate rapidly (Au, 1993). Underwater sound localization
may provide the best means for marine mammals to find food and conspecifics while
avoiding predation in deep water. Shallow water conditions, however, present additional
acoustical challenges. Acoustic energy in shallow water does not travel as efficiently as
it does in deep water (Medwin and Clay, 1998). Higher frequencies, which have shorter
wavelengths, become more directional than lower frequencies and the sounds tend to
have more reflection off the water’s surface and bottom terrain. Since Florida manatees
spend a significant amount of time grazing in shallow water, localization of sound from
conspecifics and boats may be particularly challenging.
Behavioral testing of underwater sound localization abilities have been
investigated with numerous species of captive marine mammals including sea lions
(Gentry, 1967; Moore, 1974; Moore & Au, 1975; Holt et al., 2004), bottlenose dolphins
(Renaud & Popper, 1975; Moore & Pawloski, 1993; Moore and Brill, 2001), and harbor
seals (Anderson, 1970; Terhune, 1974). Results from these studies suggested that these
marine mammals have the ability to localize underwater sounds by using the same
interaural differential sound cues that terrestrial mammals use.
To date, only one behavioral study had been conducted to measure a Florida
manatee’s ability to localize specific sounds (Gerstein 1999). In this study, using a fourchoice discrimination paradigm, the subject was required to localize a 20ms tonal signal
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of 0.5, 1.6, 3, 6, or 12 kHz, which was pulsed for durations of either 200 or 500 ms,
paused for 400 ms, and then repeated, from one of four locations. Two speakers were
positioned at 45 o and two at 90o angles to the manatee’s head. Results indicated that the
manatee was able to localize all of the signals, but that accuracy decreased with the lower
frequencies. Accuracy was better with the longer durations and at the 45o angles. Based
upon these results, Gerstein has suggested that manatees may not be able to effectively
localize the low frequency sounds of boat engines to avoid collisions in the wild.
Florida Manatees and Environmental Noise
The Florida manatee lives in an environment where recreational boats are found
in high numbers and conspecifics are often out of visual range. How then do they avoid
boat collisions and find conspecifics in their vast environment? The manatee olfactory
and taste sensory systems have not been investigated, and the previously described
sensory system studies have suggested that manatee vision may be poorly adapted for
these tasks, and that while their tactile sensitivity is impressive, it is best utilized to
investigate objects nearby. The manatee auditory system may play a crucial role in
accomplishing these challenging tasks.
The Florida manatee shares its habitat with over 880,000 registered boats (Florida
Department of Highway Safety and Motor Vehicles). In 2004, watercraft-related injuries
accounted for 25% of all manatee mortalities, (Florida Fish and Wildlife Research
Institute, 2004 B). One question that has been raised is, if manatees can localize boat
engine noise, why are there so many watercraft mortalities? Conversely, if manatees
cannot localize boat engine noise, why are there not more watercraft mortalities? Boat
engine noise can be categorized in two ways: cavitating, which is associated with
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propeller rotation and produces higher frequency broad-band noise, and non-cavitating,
which is associated with other propulsion machinery that produces lower frequency
broad-band noise (Miksis, 2006). Boats traveling at high speeds usually produce the
higher frequency cavitating noise, while boats traveling at idle and slow speeds produce
the lower frequency non-cavitating noise (Ross, 1976). The dominant recreational boat
frequency range is typically 0.01 – 2 kHz but can reach over 20 kHz. The estimated 1/3octave source levels at 1 m for small motorboats are 120-160 dB re 1 µPa-m (Gerstein,
2002; Richardson et al., 1995). Personal watercraft, such as jet-skis, utilize jet propulsion
rather than outboard propellers and are approximately 9 dB quieter than small motorboats
(Buckstaff, 2004).
The often solitary Florida manatee is able to find conspecifics in a wide-ranging
habitat. The question of how these semi-social animals find one another remains
unanswered, however the ability to localize the vocalizations of conspecifics would be
beneficial. A study that compared the vocalizations of the two sub-species of West
Indian manatee (the Florida and Antillean manatees) found no difference between the
two, and characterized their vocalizations as short (duration) tonal harmonic complexes
that range from almost pure tones to broad-band noise and have a fundamental frequency
that ranges from 2.5 – 5.9 kHz but can extend to 15 kHz (Nowacek, et al., 2003).
The question of whether or not manatees are able to localize boat engine noises
and conspecific vocalizations has puzzled researchers for years and is a topic of debate
that warrants further investigation. In this study, two Florida manatees were conditioned
and tested to determine their ability to localize sounds of different frequencies and
durations from four locations. This research extended the localization work done by
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Gerstein (1999) by testing three broad-band frequency ranges, in addition to two tonal
signals.
Hypotheses
Four hypotheses were made. The first posited that overall performance accuracy
would be higher for the broad-band signals than for the tonal signals. Since broad-band
sounds contain a range of different frequencies and tonal signals contain a very narrow
frequency range, broad-band sounds are easier to localize (Coren et al., 1994).
The second hypothesis stated that performance accuracy would decrease as sound
duration decreased. Longer signals often provide subjects enough time to move their
heads in different directions to better utilize time, level, or intensity differential cues as a
means of localization. Shorter signals reduce and/or remove the possibility of head
movements, thereby limiting the sound localization cues.
The third hypothesis asserted that learning would occur as blocks of tests
progressed within each condition. Learning a task often occurs in a progression as
experience with the task increases. The subjects of this study were asked to localize a
variety of sound conditions that they were not familiar with. As their experience with
these sounds increased, the task was expected to become easier, thus increasing
performance accuracy.
Finally, the last hypothesis contended that more errors would be made between
the 45o and 90 o speakers located on opposite sides of the subject, than between the two
90 o or the two 45o speakers located parallel with and in front of the subject. It was
thought that the subjects would be better able to distinguish the sounds originating at the
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front two locations from the side two locations, than from the front and side locations to
each side of them.
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Methods
Subjects
The subjects of this study were two captive-born male Florida manatees
(Trichechus manatus latirostris) that reside at the Mote Marine Laboratory and Aquarium
in Sarasota, Florida. All procedures used were permitted through the United States Fish
and Wildlife Service (Permit # MA837923-6) and approved by the Institutional Animal
Care and Use Committee of Mote Marine Laboratory and Aquarium. At the inception of
this study Hugh was 20 years of age, weighed 547 kg, and was 310cm in length, while
Buffett was 17 years of age, weighed 773 kg, and was 334 cm in length. They were
housed in a 265,000 liter exhibit that was composed of three inter-connected sections: a
3.6 x 4.5 x 1.5 m Medical Pool, a 4.3 x 4.9 x 1.5 m Shelf Area, and a 9.1 x 9.1 x 3 m
Exhibit Area (Figure 1). Both animals had acquired an extensive training history over
the previous seven years and were subjects in an auditory evoked potential study (Mann
et al., 2005), making them excellent candidates for this project. In addition, they had
been behaviorally conditioned for husbandry procedures (Colbert et al., 2001), a serum
and urine creatinine study (Manire et al., 2003), a visual acuity study (Bauer et al., 2003),
a lung capacity study (Kirkpatrick et al., 2002), and a tactile sensitivity study (Bauer et
al., 2005).
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4.3 x 4.9 x 1.5 m
Shelf Area

4.5 x 3.6 x 1.5 m
Medical Pool

9.1 x 9.1 x 3 m
Exhibit Area

Figure 1: Diagram of the 265,000 L manatee exhibit composed of a Medical Pool, Shelf Area, and Exhibit
Area. The lines in the Medical Pool represent a distance scale, used in a previous study that was painted on
the floor of the exhibit. The oval masses in the Exhibit Areas represent outcroppings in the bottom terrain
(built of cement) to conceal the two floor-level filtration drains (gratings). The rectangles represent a tree
log and stump (built of cement).

Overview
This section of the methods provides a synopsis of the study to familiarize the
reader with the basic experimental design and general logistics, such as signal generation,
computer programming, and personnel, required to run the experiment. Specific
methodology used for training and then testing the subjects will be discussed in sections
to follow.
Experimental Design
Testing for this study was conducted in the center of the Shelf Area with the test
animal positioned midway between the exhibit bottom and the surface of the water
(approximately .75 m below the surface). The non-test animal was held at station in either
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the Medical Pool or the Deep Area. The test subject was required to position himself
perpendicular to a stationing bar with the crease of his rostrum, approximately 10 cm
posterior to his nostrils, pressed against it, in response to a specific pulsed-tone being
played from a stationing speaker. The manatee remained stationed until a test signal was
played from one of four underwater speakers, whereby he swam to and depressed the
speaker from which the sound originated. If correct, a secondary reinforcer tone was
emitted from the test speaker and the subject returned to the stationing device to be fed a
primary reinforcement of food. If incorrect, the stationing tone was played from the
stationing apparatus speaker and the subject re-positioned correctly with no primary or
secondary reinforcement given, and awaited the initiation of the next trial. All test trials
were video-recorded from an overhead camera.
Signal Generation
Signals were generated digitally by a Tucker-Davis Technologies real-time
processor (RP2.1), and attenuated with a programmable attenuator (PA5) to control
intensity level. The signals were amplified with a Hafler power amplifier and switched
through a power multiplexer (PM2R) that was capable of switching the signal to one of
the four testing speakers (AquaSynthesis). The status of a switch at each speaker location
was monitored by the digital inputs on two RP2’s. A separate digital to analog channel
was used to generate the signal to the stationing speaker at the center of the array.
Computer and Programming
A Dell laptop computer (model Latitude D505) with Windows XP was used to
run the signal generation equipment and to automatically download the parameters of
each trial into an Excel file.

16

All signals and conditions of the testing sequence used in the experiments were
programmed in RPvds language on the Tucker-Davis signal generator. These programs
included the development of two “call to station” signals (one unique to each subject),
five “test/training” signals, and two “reinforcement” signals (one unique to each subject)
used to bridge the subject if he was correct.
A program was also developed to generate blocks of twelve trials that were
counterbalanced between the four speaker locations. The counterbalancing was done in a
quasi-random order, meaning that the test signal location was randomized, but had a
criterion of no more than two trials in a row from the same location. Each test session
consisted of three blocks of trials per subject.
Each trial was initiated and completed through an electronic button box which
was connected to the RP2 unit, and then into the laptop computer (Figure 2). The button
box had four control buttons and four colored LED lights built into it. The station signal
was used to call the specified subject to station, to start a trial, or to get the subject to refocus his attention if he was distracted. The actual speaker switching occurred while the
station signal was played. The test signal was unique for each condition and was played
only once per trial. The correct button was used to play the subject’s unique secondary
reinforcement signal when he correctly identified the test sound location. This informed
him that he was correct and could receive primary reinforcement. The wrong button was
used when the subject incorrectly identified the test signal location, and was immediately
followed by a station signal which informed the subject that he was incorrect and needed
to return to station without receiving primary reinforcement. Four LEDs were included
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on the button box to provide a visual indication that their corresponding signals were
played and that the trial was downloaded into the Excel file.

Station Signal
LED

Station
Signal

Test Signal
LED

Test
Signal

Correct
LED

Wrong
LED

Correct/
Bridge

Wrong

Figure 2. Electronic button box used to run the sessions and automatically download each trial into a digital
excel file.

Personnel:
Three people were required to run the experiment, a “Test Trainer” who worked
with the test subject, a “Data-recorder” who ran the computer and recorded the data, and
a “Station Trainer” who worked with the non-test manatee. Three Manatee Care staff
trainers (including the author) were used to run the test animal and/or the computer
throughout the experiment. These individuals had extensive experience working with the
subjects and were completely familiar with the computer program and the experimental
plan.
The Data-recorder was seated behind the computer out of both the test subject’s
and Test Trainer’s line of sight to avoid inadvertent cuing of the Test Trainer. From this
location, the Data-recorder was unable to determine the test subject’s position in the
water. This position was primarily run by one of two experienced staff trainers and
occasionally by the author.
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The Test Trainer was positioned on the center of wooden boards that were
suspended across the Shelf Area, directly above the stationing apparatus. The Test
Trainer was “blind” to the test stimulus locations and wore sound-dampening headphones
to avoid cueing the subject. This position was run primarily by the author and
occasionally by the other most experienced staff trainer.
The Station Trainer was positioned at either the northeast end of the Medical Pool
or Deep Area, out of the test subject’s line of sight. This position was run primarily by
one of four experienced volunteers/interns and occasionally by one of the three staff
trainers.
Training Procedures
While the previous methods section provided a broad overview of the
experimental design and logistics utilized throughout the experiment, it is important to
understand that numerous behaviors needed to be trained and chained together before
testing could be initiated. This section provides a thorough description of the global
procedures used in both the training and testing portions of this study. In addition, two
animal training phases are described in detail.
Global Procedures
Training and testing sessions were run between 0700 and 1000h five days per
week before the Aquarium was open to the public. The manatees’ daily ration of food
(72 heads of romaine lettuce and 12 bunches of kale) was fed to the animals from 1200 to
1400 h and was usually consumed by 1700 h, leaving a 14 to 16 hour overnight fast
before training was initiated the following morning. All training was completed using
standard positive classical and operant conditioning techniques. The primary reinforcers
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used included bite size pieces of apples, beets and baby peeled carrots. Zupreem monkey
biscuits, one of the manatees preferred foods, were used to reward an especially desired
behavior during shaping procedures. A unique whistle was used as a secondary
reinforcer to bridge each animal independently of one another. In addition, verbal and
tactile secondary reinforcers were used. Shaping by reinforcement of successive
approximations was used to train all behaviors (Pepper & Defran, 1975) and undesirable
behaviors were ignored. In addition, time-outs, (Pepper & Defran, 1975; Domjan, 1998)
or the removal of the opportunity to receive reinforcement, were used if a string of
undesirable behaviors occurred.
Phase I: East Wall of the Shelf
Stationing
Training was initiated with the subject positioned perpendicular to the east wall of
the Shelf Area and the other animal positioned in the northwest corner of the Medical
Pool (Figure 3). The subject was positioned in this way to better allow the Test Trainer
to easily reach the subject and physically maneuver his body and head into the correct
position.
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Figure 3. Training configuration for the east wall of the Shelf Area. The blue octagon represents the Test
Trainer’s location, the green square represents the Data-recorder’s location, and the orange triangle
represents the Station Trainer’s location.

A stationing apparatus was constructed from 2.54 cm diameter polyvinyl chloride
pipe (PVC) (Figure 4). This apparatus was designed to fit over the edge of the exhibit
wall for stability, and it extended 30.48 cm below the surface of the water. To prevent
interference between the sound source and the manatee’s ears, the stationing apparatus
had only a 23 cm stationing bar that the subject pushed his rostrum up against instead of
hoop or frame which encircles the head completely. An underwater speaker was
suspended from the top of the stationing apparatus and positioned above the manatee’s
head, just below the surface of the water.
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Figure 4. Stationing apparatus used in Phase I of the training. The yellow circle represents the speaker that
played the stationing tones. The subject pressed the crease of his rostrum up against the gray stationing bar
on the bottom.

The test subject’s unique station signal was played from the stationing speaker to
call the subject to station. Each station signal ranged from 10 to 20 kHz and played for a
2000 ms duration, however Buffett’s repeated at a slower rate of 1.5/s while Hugh’s
repeated at a faster rate of 5/s. In response to their station signal, each subject was
trained to swim to the stationing apparatus, position himself perpendicular to it, and press
the crease of his rostrum against the stationing bar. Both animals had previously been
trained to station and follow their own personal targets, and in the early stages of shaping
the stationing behavior, the Test Trainer used the subject’s target to guide him to the
stationing bar when the station signal was played. Shaping of the correct position was
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facilitated by the Test Trainer’s reaching into the water to help maneuver the manatee’s
head. Over the course of multiple sessions, each learned to station correctly in response
to the station sound. The length of time spent in this position was extended to 60 seconds
using a fixed-interval schedule of reinforcement (Ramirez, 1999).
Speaker Selection
Once the manatees had a firm grasp of the stationing behavior, training for the
localization of the training stimuli through speaker selection was initiated. The speakers
were suspended from speaker holders made of 1.88 cm diameter PVC pipe. The speaker
was attached to a long speaker suspension rod which was designed to pivot so that the
speaker at the bottom of the rod could be pushed backwards while the top of the rod tilted
forward to touch the speaker holder frame like a pendulum (Figure 5). Initially, one test
speaker was placed approximately 20 cm away from the subject’s head at either a 90 o or
270 o position (subject’s head was facing 0o). This speaker’s position was alternated
between the two angles so that the subject became familiar with moving to either the left
or right side to select the correct location.
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Frame

Water Line

Pivot Point

Speaker Suspension Rod

Speaker

Figure 5: Speaker holder with attached underwater speaker. The speaker suspension rod was designed to
pivot so that the manatee could push the speaker at the bottom backward while the top tilted forward to
touch the speaker holder frame.

A 3000 ms broad-band signal, with a frequency range of 0.2 – 20 kHz was
programmed in RPvds and used to train this discrimination task. Two secondary
reinforcement signals were programmed to match the unique whistles used to bridge each
animal. Buffett’s reinforcement signal ranged from 1.4 to 12 kHz with a peak at 5.3 kHz,
while Hugh’s had more of a warble to it and ranged from 1.2 to 11 kHz with a peak at 2.7
kHz (Figure 6).
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Figure 6: Power spectra (top) and spectrograms (bottom) of the secondary reinforcement signals. Buffett’s
ranged from 14 to 120 kHz with a peak at 53 kHz, while Hugh’s had more of a warble to it and ranged
from 12 to 110 kHz with a peak at 27 kHz.

When the subject had stationed correctly, the training signal was played and the
Test Trainer used the subject’s personal target or their hands to help guide the subject to
the test speaker. When the subject touched the test speaker with his rostrum, his
secondary reinforcer signal was played from the test speaker and he was fed a primary
reinforcement of food. Initially, the training signal was played continuously until the
subject pressed the test speaker. Once the desired behavior was obtained, the sound
duration was then shortened to a series of 1000 ms signals, and finally reduced to a single
1000 ms signal. Through successive approximations, the subjects were trained to
approach and push the test speaker backwards until the top of the speaker suspension rod
touched the front of the speaker holder frame when the training signal was played. In
addition, the distance of the speaker from the manatee’s head was gradually increased
from 20 cm to approximately 100 cm.
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After each subject learned to select the single test speaker when it was located 100
cm away and was re-positioned at either the 90o or 270o location, a second test speaker
was introduced so that two test speakers were always present, one at the 90o and one at
the 270o location. The manatees were then required to localize the training signal source
through a two-choice discrimination task. The training signal was delivered through one
of the two test speakers based on counterbalanced schedules (Gellerman, 1933; Fellows,
1967) that were programmed in RPvds (Figure 7).
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Figure 7: Training configuration for the east wall of the Shelf Area with two speaker locations. The black
circles represent the speakers. The blue octagon represents the Test Trainer’s location, the green square
represents the Data-recorder’s location, and the orange triangle represents the Stationing Trainer’s location.

When the subjects were able to dependably perform the discrimination task at
above a 75% accuracy level, the stationing apparatus and speakers were modified to
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reach a depth of .75m, the mid-way point of the water depth in the Shelf Area, to equalize
the amount of sound reflectivity from the surface and the bottom. The previously
established behaviors were re-shaped to meet the new depth requirements.
Phase II: Center of the Shelf:
After the subjects were able to reliably discriminate between the two test speakers
located at the east wall of the Shelf Area with the new depth requirements, the whole setup was moved to the center of the Shelf Area and rotated 90 o to the South. The Test
Trainer was positioned on a wooden bridge that was 15.24 cm above the surface of the
water and spanned the width of the Shelf Area. Training was re-established in this new
location and when both subjects performed reliably at a 75% accuracy level or higher, a
third test speaker was introduced and positioned at a 0 o angle to the animal’s head
(Figure 8).
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Figure 8: Training configuration for the center of the Shelf Area with three speakers represented as the
black circles. The blue octagon represents the Test Trainer’s location, the green square represents the Datarecorder’s location, and the orange triangle represents the Stationing Trainer’s location.

Training with the three test speakers commenced, however it quickly became
apparent that the subjects had difficulty localizing the training signal, especially when it
originated from the 0o location. Both subjects’ performance accuracy declined and they
demonstrated various signs of frustration including chuffing, leaving the task multiple
times, as well as grabbing, pulling, and breaking the equipment. Interestingly, both
manatees (independently of one another) assumed a new body position when at station.
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Each began to tilt the horizontal axis of their bodies at an angle while still remaining
perpendicular to the stationing bar. The training signal duration was increased from 1000
ms to 3000 ms to simplify this part of the training and reduce the animals’ level of
frustration and their performance improved slightly but was still poor with the speaker
located at 0 o. This finding was not surprising considering that even humans have
difficulty localizing sound when it is directly in front or back of them because there are
no interaural differences in time of arrival cues (Yost, 2000). The new stationing
postures that both subjects developed may have indicated a strategy they had developed
to try to better differentiate time of arrival cues.
A fourth test speaker was introduced to compensate for the difficulties observed
with the speaker located at 0 o. The four speaker holders were permanently positioned
105cm from the center of the subject’s stationing bar, at 45 o, 90 o, 270 o, and 315 o angles
(Figure 9).
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Figure 9: Training configuration for the center of the Shelf Area with four test speakers, located 105cm
from the center of the stationing bar and .75m below the surface. The test speakers are represented as the
black circles. The blue octagon represents the Test Trainer’s location, the green square represents the Datarecorder’s location, and the orange triangle represents the Stationing Trainer’s location.

The four test speakers used were identified and numbered (from 0 to 3) with a
permanent marker. Speaker zero was attached to the speaker holder located at 90 o,
speaker one at 270 o, speaker two at 315 o, and speaker three at 45 o. Training for the
localization task continued until each subject performed the task at a 75% or higher
accuracy rate for a minimum of 72 consecutive trials.
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Testing Procedures
The preceding methods section summarized the global procedures used in both
the training and testing portions of this study and detailed two phases of training. All of
the methods depicted to this point have led to this final section of the methods: testing
procedures. This section provides specific information about the experimental
conditions, sound calibrations, environmental conditions, experimental controls, and test
block criterion. Additionally, computer programming, personnel responsibilities, and
data and video recording methodology are expanded upon. Finally, a step-by-step testing
trial sequence is portrayed.
Experimental Conditions
Fourteen experimental conditions were tested (Table 1). These included three
broad-band noise bursts of different frequency ranges tested at four duration lengths, and
two tonal signals tested at one duration length. All of the test sounds were played at the
same spectrum level. Because of this, sounds with broader frequency spectra had louder
root mean square (rms) amplitudes. The sound levels were also randomized ±1.5 dB to
obscure any loudness differences between speakers. Six blocks of twelve trials were run
for each of the 14 conditions.
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Table 1
Conditions tested included three broad-band signals at four durations and two
tonal signals at one duration. All signals were played at the same spectrum
level.
Frequency (kHz)

Duration (ms)

0.2 - 20

3000, 1000, 500, 200

Spectrum Level (dB
re 1 uPa)
100

6 - 20

3000, 1000, 500, 200

100

0.2 - 2

3000, 1000, 500, 200

100

4

3000

100

16

3000

100

The testing of broad-band noise examined the manatees’ ability to localize sounds
that had a variety of different frequencies blended into them. Broad-band sounds are
more typically found in all natural habitats than tonal signals. The 0.2 - 20 kHz condition
had the widest range of frequencies included in it and was the broad-band signal used
during training, the 6 - 20 kHz condition contained the highest frequencies, and the 0.2 –
2 kHz condition contained the lowest frequencies.
The testing of tonal signals examined the manatees’ ability to localize sounds that
were frequency specific. The low frequency 4 kHz tone was similar to the dominant
frequency of manatee vocalizations, while the high frequency 16 kHz tone was
comparable to the manatees’ peak hearing frequency.
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The order of test stimuli presentation was as follows: six blocks of each broadband noise, starting with 0.2 – 20 kHz, then 6 – 20 kHz, and finally 0.2 – 2 kHz, were
tested at the 3000 ms duration. This order was followed throughout each of the sound
duration conditions. The tonal signals were only tested at the 3000 ms duration because
the subjects performed at a much lower accuracy level and were exhibiting strong signs
of frustration.
Personnel Responsibilities
The Data-recorder, who was positioned out of sight of the Test Trainer and the
subject, had six duties. The first was to set up the correct experimental conditions needed
for the different portions of the session on the computer using a graphical user interface
that was programmed in Visual C (see Appendix A for experimental condition set up
protocols). The second was to initiate each trial through the button box when instructed
to do so by the Test Trainer. The third was to determine which location the subject
selected from the Test Trainer and to inform the Test Trainer if this location was correct
by leaning out from behind the computer to give a head nod, or if wrong to give a head
shake. The fourth was to complete the trial through the button box. The fifth was to
record all data on a tank-side session sheet (see Appendix B). The sixth was to run the
video equipment.
The Test Trainer, who was blind to the test signal locations and wore sounddampening head phones, was responsible for six duties. The first was to ensure that the
subject was positioned correctly before the initiation of each trial. The second was to
ensure that a 25 second minimum inter-trial interval was met. The third was to let the
Data-recorder know when to initiate each trial by verbally stating “tone”. The fourth was
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to let the Data-recorder know which location the animal selected by verbally stating the
location number (900 was location 0, 2700 was location 1, 3150 was location 2 and 450
was location 3). The fifth was to determine if the subject was correct by looking at the
Data-recorder when she came into view for the appropriate head nod or shake. The sixth
was to provide the subject his primary reinforcement if he was correct and to let the Datarecorder know when the next trial could be initiated by verbally stating “station”.
The Station Trainer was responsible for holding the non-test animal at station in
either the northeast corner of the Medical Pool or Exhibit Area throughout the test
animal’s session. The non-test animal was positioned out of view of the test animal and
could be held in either a dorsal-up or ventral-up layout position.
Data Recording
Data from each session were recorded in three ways. The first was through the
automated computer reports that were recorded in a digital format within the Excel file.
The second was through hand recorded reports that the Data-recorder completed on a
tank-side data sheet (see Appendix A). This information was then manually entered into
a Microsoft Access database created on a Dell desktop computer (model Dimension
8300) after the completion of each session. All data entered into the database were
double-checked for accuracy by a second trainer after they were entered. This database
was designed specifically for this experiment and had a user-friendly data entry screen
(Figure 10). This data base was then used to compile and analyze the test data. The third
data recording method was through the video recording of each test block. A Sony
variable zoom, high resolution, outdoor weather proof, color dome camera (model SCWCD358DVP) was attached to the exhibit’s ceiling directly over the subject’s head and
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connected to a Sony digital video camera (model DCR-TRV50). Pre-printed data sheets
that identified the date, subject, test frequency, sound duration, and speaker locations,
were recorded prior to the initiation of each block.

Figure 10. The data entry screen used to enter all of the session’s information into the Access database.

Environmental Conditions
All sessions were conducted with the manatee’s typical under-water exhibit noise
held constant, that is the exhibit’s filtration system and pumps ran in their normal
capacity. The exhibit noise typically ran below 500 Hz. The in-air noise level, however,
was considerably louder than was typical of previous studies with these animals.
Construction for a new 3-story building, located less than 200 feet from the manatee
exhibit, began just prior to the initiation of training for this study causing intermittent
noise of different intensities.
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Controls
Numerous controls were put into place to avoid test signal and speaker artifacts,
as well as trainer cuing. Controls were also established to ensure that the subjects were
motivated for the testing and to be able to drop a testing block if specific criteria were
met.
Signal and Speaker Artifacts
All signals had a 100 ms rise-fall time to eliminate transients. Signal intensity
levels were randomized by +/- 1.5 dB around the test level to minimize the possibility of
intensity level cues being used to determine speaker location (i.e. associating a particular
level from a particular speaker).
To control for the manatees using any possible speaker artifacts as cues, the
speakers were removed from their original speaker holders and re-connected to the
speaker holders diagonally across after three blocks had been completed for each
condition (i.e. speaker 0 was located at the 900 location for the first three blocks of each
condition and then rotated to the 3150 location for the last three blocks of each condition
and this pattern was repeated with other two speakers).
All five test signals were recorded from each of the four speakers in their different
positions via a Reson hydrophone to be calibrated and analyzed to ensure that speaker
artifacts were not present.
Trainer Cues:
Several procedures were followed to avoid trainer cuing to the subjects. All
personnel were positioned out of the test subject’s line of sight except for the Test
Trainer. The Test Trainer was required to wear sound-dampening headphones to avoid
the possibility of hearing the test signals and was blind to the test signal’s location. The
36

Data-recorder was the only individual who knew where each trial’s correct test signal
location was, and only obtained that knowledge at the initiation of each trial. To avoid
cuing the Test Trainer, the Data-recorder remained positioned behind the computer
screen and was not visible until after the subject had made his location selection at the
end of each trial. At this point the Test Trainer would look towards the Data-recorder
and the Data-recorder would move into view to indicate if the subject’s choice was
correct or wrong.
Motivational Effects
To control for motivational effects, each animal’s session was started with eight
“warm-up” trials, two from each location in a randomized order, and ended with four
“cool-down” trials, one at from each location in a randomized order. The signal stimulus
used for these trials was the same 3000 ms, 0.2 – 20 kHz, broad-band noise burst used
throughout training.
To control for an apparent initial period of confusion that both manatees displayed
when changes between frequencies occurred, eight “practice” trials, two from each
location in a randomized order, were completed directly after the eight warm-up trials
were completed. The signal stimulus used for these trials was the same frequency and
duration as the stimulus to be tested in that session. It was believed that although the
same spectrum level was used for all of the sound conditions tested, the bandwidth varied
with the different stimuli, and the loudness of the test sounds may have been perceived as
different to the manatees.
Block Criteria
Two specific criteria were defined as reasons to drop a test block. The first
stipulated that a minimum performance accuracy of 75% was required on the warm-up
37

and cool-down trials. The second defined a maximum allowance of any combination of
three interruptions from the non-test manatee, and/or leaves or attempted leaves from the
test subject per block. If a block was dropped, the experimental condition was repeated
in the next session.
Testing Trial Sequence
In summary, the sequence of steps utilized for each test trial was as follows:
1)

The Data-recorder would press the “Station Signal” button to call the subject
to station. This sound would originate from the stationing speaker.

2)

The subject would align himself perpendicular to and press the crease of his
rostrum against the stationing bar.

3)

The Test Trainer, after ensuring that a 25 second inter-trial interval had
passed and that the subject was correctly positioned, would tell the Datarecorder to play the test sound by verbally stating “tone”.

4)

The Data-recorder would press the “Test Signal” button to play the test
sound. This sound would originate from one of the four test speakers in a
quasi-random order.

5)

Upon hearing this sound, the subject would swim to one of the speaker
locations and depress the speaker.

6)

The Test Trainer would tell the Data-recorder which location the subject
selected by verbally stating the location number. The Test Trainer would
then look at the Data-recorder to see if this location was correct.

7)

The Data-recorder would determine if the speaker location selected matched
the actual location selected by the computer.
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•

If correct, the data recorder would press the “Correct Signal” button

so that the secondary reinforcement tone was played to let the subject
know he was correct, and would lean into view to give a head nod and
let the Test Trainer know that primary reinforcement should be given.
¾

The Test Trainer would feed the subject his primary

reinforcement and wait for the animal to stop chewing before telling
the Data- recorder to call the animal back to station by verbally
stating “station”.
¾

The Data-recorder would press the “Station Signal” button and

wait for direction to start the next trial.
•

If wrong, the data recorder would press the “Wrong” button,

immediately followed by the “Station Tone” button to let the subject
know he was wrong and that he should re-station, and would lean into
view to give a head shake and let the Test Trainer know that the animal
should not receive any primary reinforcement.
¾

The Test Trainer would wait for the minimum 25 second inter-

trial interval to pass and for the subject to station correctly before
starting the next trial.
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Results:
Training was initiated on January 6, 2005 and completed on July 11, 2005.
Testing was initiated on July 12, 2005 and completed on August 26, 2005. Both
manatees learned the task easily. A total of 1,164 trials were run with Hugh and 1,116
trials were run with Buffett. Nine blocks with Buffett and 13 blocks with Hugh were
dropped as they met the drop criteria. A total of 60 blocks or 1,008 test trials were kept
for each subject.
Five data analyses were conducted for each subject. Two analyses, performance
by speaker location and speaker calibration, examined the possibility of the existence of
speaker artifactual cues. Three analyses, overall performance accuracy, progression
learning, and error distribution, measured the subject’s capacity to localize the test
signals.
Performance by Speaker Location
Initially, the numbered test speakers were attached to specific speaker holder
locations. For each condition tested, 3 blocks of test trials were run with the test speakers
in these locations. As a control to avoid the use of speaker artifact cues, the test speakers
were removed from their original speaker holder locations and re-connected to the
speaker holders located diagonally across for the remaining 3 blocks of test trials (i.e.
speaker 0 was located at the 900 location for the first three blocks and then rotated to the
3150 location for the last three blocks and this pattern was repeated with other two
speakers). To analyze if the subjects used speaker artifact cues rather than the test
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signals, the 3 blocks of test trials when the speakers were in their original locations
(speaker 0 was located at 900) were averaged together and compared to the those from the
remaining 3 blocks (0 was located at 3150) by condition for Hugh (Figure 11) and Buffett
(Figure 12). No obvious pattern was observed with either subject.
100%
90%
80%

Percent Correct

70%

3000ms
1000ms

60%

500ms
50%

200ms

40%
30%
20%
10%
0%
90o 315o
0.2 - 20 kHz

90o

315o

6 - 20 kHz

90o

315o

90o

0.2 - 2 kHz

315o

90o

4 kHz

315o

16 kHz

Frequency and Speaker 0 Location

Figure 11. A comparison of the average performance accuracy on Hugh’s first three test blocks when the
test speakers were in their original locations and last three test blocks after the speakers had been moved to
their new locations.

41

100%
90%
80%

Percent Correct

70%

3000ms

60%

1000ms
500ms

50%

200ms

40%
30%
20%
10%
0%
90o 315o
0.2 - 20 kHz

90o

315o

6 - 20 kHz
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315o
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Figure 12. A comparison of the average performance accuracy on Buffett’s first three test blocks when the
test speakers were in their original locations and last three test blocks after the speakers had been moved to
their new locations.

Speaker Calibration
All five test signals, recorded via a hydrophone located at the center of the
stationing bar, were recorded from each of the four speakers when they were positioned
in their original locations (speaker 0 was located at 900) and again when they were repositioned and connected to the speaker holders diagonally across (speaker 0 was located
at 3150). The speakers were switched a total of five times throughout testing. This
included once after the first three testing blocks of each frequency condition was
completed at the first duration condition, a second time after the final three blocks at the
first duration and first three blocks at the second duration were complete, a third time
when the final three blocks of the second duration and first three of the third duration
were complete, a fourth time when the final three blocks of the third duration and first
three first three blocks of the fourth duration were complete, and finally a fifth time to
complete the last 3 blocks of all frequencies in the fourth duration.
42

Power spectra were made of all the recordings and examined to look for any
frequency or intensity cues that might occur at either a specific location (Figure 13) or
from a specific speaker (Figure 14). No obvious patterns were observed, and on the
contrary, re-location of the speakers produced minor signal variations by changing the
sound field slightly.
Spkr 0 @ 90o

Spkr 2 @ 90o

Spkr 1 @ 270o

Spkr 3 @ 270o

Spkr 2 @ 315o

Spkr 0 @ 315o

Spkr 3@ 45o

Spkr 1@ 45o

Figure 13. A power spectra comparison of the 6 - 20 kHz broadband test signal from each of the four
locations when the speakers were in their original positions (shown on the left in blue) and when they had
been re-located (shown on the right in red).
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0 @2 @
31590
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SpkrSpkr
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45o

Figure 14. A power spectra comparison of the 0.2 - 20 kHz broadband test signal from each of the four
speakers when they were in their original positions (shown on the left in blue) and when they had been relocated (shown on the right in red).

In addition, spectrograms of all the recordings were examined for temporal cues,
such as intensity distortions, that might occur within the specific frequencies tested. No
obvious patterns or harmonic distortions were observed with either the broad-band
(Figure 15) or pure tone signals (Figure 16). Interestingly, the construction hammering
can be observed in the pure tone spectrograms.
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0.2 - 20 kHz

Time

6 - 20 kHz

0.2 - 2 kHz
Figure 15. Spectrogram comparison of the three broadband test signals played at the 3000 ms duration
(sample rate of 97,656 Hz).

45

4 kHz

Time

16 kHz

Figure 16. Spectrogram comparison of the two pure tone test signals played at the 3000 ms duration. The
recurrent frequency spikes are from the nearby construction hammering (sample rate of 97,656 Hz).

Overall Performance Accuracy
Overall performance accuracy was determined and described in Table 2.
Percentage correct was calculated for each subject based upon 72 trials per condition with
a total of 1,008 trials per subject. Both subjects performed well above the 25% chance
level for all of the broad-band frequency conditions. Hugh showed a drop in percentage
correct as the broad-band signal durations decreased, but this result was not observed
with Buffett. Both animals also performed above chance levels with the pure tone
signals, but at a much lower accuracy rate than with the broad-band signals.
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Table 2
Overall Accuracy Performance per Subject by Frequency and Duration
Conditions
Frequency (kHz)
Duration:

0.2 - 20

6 - 20

0.2 - 2

4

16

49%

32%

44%

33%

Hugh
3000 ms

93%

86%

81%

1000 ms

74%

71%

65%

500 ms

71%

63%

57%

200 ms

64%

51%

58%
Buffett

3000 ms

88%

82%

92%

1000 ms

93%

79%

92%

500 ms

85%

92%

86%

200 ms

93%

89%

85%

Note. The values are based on 72 trials per condition with a total of 1,008 trials per subject.

Learning by Blocks
Learning was assessed for each subject by comparing the percent correct for each
of the six test blocks as they progressed within each of the 14 test conditions (Figure 17).
Learning did not appear to occur with Hugh as the individual block accuracy rates had no
particular pattern. Buffett demonstrated similar results for all conditions except the
broad-band signals presented at the 200 ms duration, where some improvement was
observed in the 0.2 - 20 and 6 – 20 kHz conditions.
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Figure 17. Percent correct by duration for each block as testing progressed across each frequency stimulus.
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Error Distribution
The overall error rate, determined from the complete data set collapsed across all
conditions, was 29% for Hugh and 19% for Buffett. The broad-band signal error rate,
determined from the same data set excluding the tonal signals, was 22% for Hugh and
11% for Buffett.
The distribution of errors made by each subject was examined. An overall percent
correct and error distribution was determined, however because the subjects’
performance accuracy was considerably lower with pure tone signals, these data were
only derived from the results of the broad-band signal testing (Figure 18). Although
both subjects had differences in performance accuracy, their distributions of location
selection were spatially symmetrical.

All Treatments Combined
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100
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0
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45

((315))

90 270
100
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((90))
100
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Buffett

50

0

50

90
100
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Percent Correct

Figure 18. Overall percent correct and distribution of errors using only the results from testing with the
broad-band signals. The correct speaker location is notated by double parentheses. Hugh’s results are
always presented below the graph lines in teal and Buffett’s are above the lines in maroon.
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Frequency error distributions were determined by comparing the percent correct
and wrong at each speaker location for each of the frequency conditions (Figure 19). The
durations were collapsed across the broad-band frequencies however the tonal signals
were only tested at the 3000 ms duration. Although both subjects had differences in
performance accuracy with the broad-band signals, their errors were generally consistent,
with most equally distributed to the locations adjacent to the correct location. For the
pure tone signals, errors were scattered among the locations.
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Figure 19. Percent correct and distribution of errors by frequency. The durations were collapsed across the
broad-band conditions (top two rows). Tonal conditions are presented in the bottom row. The correct
speaker location is notated by double parentheses. Hugh’s results are always presented below the graph
lines in teal and Buffett’s are above the lines in maroon.
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Duration error distributions were determined by comparing the percent correct
and wrong at each speaker location for each of the duration conditions collapsed across
the broad-band frequencies (Figure 20). As with the frequency error distributions, the
subjects’ errors were equally distributed to the locations adjacent to the correct location.
Similar results were found when a conditional error distribution compared the percent
correct and wrong at each speaker location within the 12 individual broad-band
conditions (see Appendix C for all conditional error distributions).
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Figure 20. Percent correct and distribution of errors by duration using only the results from testing with the
broad-band signals. The correct speaker location is notated by double parentheses. Hugh’s results are
always presented below the graph lines in teal and Buffett’s are above the lines in maroon.
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Discussion
Overall Performance
The subjects of this study were able to learn all aspects of the task in the training phases
described. The training portion of the study took approximately six months to complete, a bit
longer than expected due to some initial technical problems with the computer programming,
the start of the manatee’s spring mating and migratory period when they are sexually
preoccupied and have a tendency to swim stereotypically, and the presence of a sea turtle
temporarily residing in the manatee’s exhibit. Once these issues were resolved, training was
completed rapidly.
The testing portion of the study was completed in approximately six weeks.
Results indicated that the subjects were able to localize all of the signals specified within
the conditions. These results do not follow the contention that manatees are poor at
sound localization as suggested by Ketten (1992). Ketten measured the interaural time
distance of the manatee and found that the measurements fell significantly below the
regression and overlapped that of the pocket gopher, which was found to be incapable of
sound localization (Heffner & Heffner, 1992 A). Heffner (1997) has since asserted that
interaural time distances may not be a good predictor of sound localization abilities, and
since the results of this study and Gerstein’s (1999) localization study indicate that
manatees can localize, other considerations of how this is accomplished should be
examined.
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The first hypothesis posited that overall performance accuracy would be higher
for broad-band signals than for tonal signals. This hypothesis was supported with both
subjects. Since both types of signals were only tested at the 3000 ms duration, these
results indicated that Buffett ranged between 92% and 88% accuracy for broad-band
signals, but dropped to 44% and 33% accuracy for tonal signals, likewise, Hugh ranged
between 93% and 81% for broad-band signals and 49% and 32% for tonal signals.
The second hypothesis stated that performance accuracy would decrease as sound
duration decreased. This hypothesis was not supported for Buffett whose overall
accuracy was stable (87%, 88%, 88%, and 89%), but it was for Hugh who showed a drop
in overall accuracy (87%, 70%, 64%, and 58%) as signal duration decreased.

The

discrepancy between the performances of the two subjects is typical of the results found
in other sensory studies that have been conducted with these specific animals to date
including visual acuity (Bauer et al., 2003), vibrissae tactile sensitivity (Bauer et al.,
2005), and auditory evoked potentials (Mann et al., 2005) and suggests that individual
sensory differences are likely to exist. Similarly, individual variability has been found
among dolphins who participated in hearing studies (Ridgway & Carder, 1997; Brill et
al., 2001).
Both subjects performed above chance levels with the 4 and 16 kHz tonal signals,
but at a much lower accuracy rate than with the broad-band signals. The dominant
sounds found in the manatee’s natural habitat, including boat engine noise, conspecific
vocalizations, and ambient noise, are typically composed of numerous broad-band
frequencies. These results suggest that although manatees can localize the tonal signals,
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they are better able to localize the broad-band noises commonly heard in their
environment as is typical with many birds and animals (Marler, 1955).
Environmental noise outside of the test conditions should be considered. The
manatee exhibit background noise was continuous and typically below 500 Hz. Masking
may have occurred with the lower frequencies, but was unlikely to have occurred at the
higher frequencies. Construction noise was an unplanned factor that was present
throughout the study. The noise level from the nearby construction was louder on some
days than others. Figure 20 illustrated some of the quieter hammering that occurred,
however louder construction noise, from large machinery such as industrial cranes,
cement pump trucks, and gas powered tools, also transpired. The different frequency and
intensity levels did not appear to have an effect on the manatees’ performance. If the
background exhibit or construction noise was a factor that interfered with the subject’s
localization ability on some level, the results found in this study might portray an
underestimation of their actual abilities. The ambient noise level in the manatee’s natural
habitat typically ranges from 1 Hz – 20 kHz and from 60 – 90 dB, but can be as loud as
130 dB during heavy rain (Gerstein, 2002). This ever present noise could make
localization more difficult by masking sounds such as vocalizations from conspecifics,
however the results presented here suggest that manatees may be able localize, even with
the presence of intermittent noise caused by passing boats.
Speaker Artifacts
Numerous controls were put in place to avoid the projection and recognition of
speaker artifact cues, including the incorporation of a 100 ms rise-fall time within signals
to eliminate transients, the addition of a +/- 1.5 dB randomization within signal levels to
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eliminate intensity level cues, the switching the test signal location during the
presentation of the stationing tone, and the routine switching of the speaker locations.
Analysis of the calibration data showed no obvious temporal or harmonic
distortions that might be used as cues. In addition, if the subjects used a frequency or
speaker artifact cue, a drop in their performance accuracy would be expected between
blocks three and four of each condition (Figure 17). For instance, if a particular click was
emitted from speaker three and used to identify that speaker’s location in the first three
blocks, it would be expected that upon switching speaker locations, the subject would
continue to select speaker three in its new location and would make incorrect selections.
This pattern was not observed and the results suggest that the subjects were localizing the
actual test signals and not artifact cues.
Learning by Blocks
The third hypothesis asserted that learning would occur as blocks of tests
progressed within conditions. Learning was assessed for each subject by comparing the
percent correct for each of the six test blocks as they progressed within each of the test
conditions. This hypothesis was not supported as results demonstrated a random pattern
of performance improvement and deterioration between blocks. This suggested that
learning did not occur as blocks progressed with the possible exception of Buffett’s
performance in the 200 ms condition. Although Buffett’s results at the 200 ms duration
might provide an indication that learning had occurred, the same criterion could be used
to suggest that learning was suppressed in the 1000 ms condition. Since each of the
blocks consisted of only 12 trials, the differences between blocks are one to two errors,
and this pattern could simply be due to chance.
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Although the manatees in this study were asked to localize a variety of sound
conditions that they were unfamiliar with, learning did not appear to occur as experience
with the task increased. It may be that the broad-band signals used in this study were
rather effortless to localize, making it difficult to see improvements after the initial blocks
with high accuracy rates, however learning did not appear to occur with the more difficult
tonal signals either. It is possible that adding more blocks within each condition would
demonstrate a learning curve.
Error Distribution
The fourth hypothesis contended that more errors would be made between the 45o
and 90 o speakers located on opposite sides of the subject, than between the two 90 o or
45o speakers located parallel with and in front of the subject. This hypothesis was not
supported with either subject. Although the overall error rates within the broad-band
conditions were low for both subjects (22% for Hugh and 11% for Buffett), their
distribution was consistent and most errors were equally distributed at the locations
adjacent to the correct location. Rather than distinguishing a “left vs. right” or “front vs.
parallel” strategy, the manatees appeared to use a “nearest neighbor” strategy to localize
the broad-band sounds. For the pure tone signals, errors were scattered among the
locations and no obvious strategy could be discerned.
Relevance
Results from this experiment have provided information about two manatees’
ability to localize specific broad-band and pure tone signals of different durations in a
controlled environment. This knowledge is important for providing some understanding
of how the manatee might detect and localize noise from conspecifics and man-made
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stimuli such as boats in their natural habitats. Typical recreational boat engine noises are
broad-band frequencies that range between 0.01 – 2 kHz, although they can reach as high
as 20 kHz (Miksis, 2005; Richardson et al., 1995). Manatee vocalizations vary from
almost pure tones that tend to modulate between frequencies to broad-band noise and
have fundamental frequencies that range from 2.5 – 5.9 kHz but can extend to 15 kHz
(Nowacek, et al., 2003). The subjects in this study were well able to localize test signals
within these same ranges, suggesting that manatees can use localization cues as a means
to avoid boats and find conspecifics in their environment.
The knowledge gained through this study could be advanced by additional
behavioral research. Testing with Hugh and Buffett was only conducted within the
azimuth plane, and future studies might investigate if manatees can also localize sounds
within the vertical plane and/or distance dimension. Localization studies conducted with
humans suggest that the auditory system favors binaural cues over spectral shape cues for
localization within the azimuth plane, but relies on spectral shape cues for localization
within the vertical plane (Middlebrooks & Green, 1991). A minimum audible angle
study conducted with bottlenose dolphins found that the subjects were able to localize
test signal locations within the vertical plane equally as well as within the azimuth plane
(Renaud & Popper, 1975).
While the results demonstrated that the subjects were able to localize, it is unclear
if interaural time, intensity level, and/or phase differences were utilized. Studies with
humans have demonstrated that low frequency sounds are better localized through the use
of time of arrival and/or phase difference cues, while high frequency sounds are localized
through intensity level differences (Stevens & Newman, 1936; Rayleigh, 1907). Studies
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with bottlenose dolphins found that subjects were able to localize test signals that ranged
12from 6 – 20 kHz thru their lower jaw, but used intensity level differences to
localize signals above 20 kHz (Renaud & Popper, 1975). A study with harbor seals
found that the subjects could more readily localize test signals that contained only
interaural time differences than those that contained only intensity level or phase
differences (Terhune, 1974). A minimum audible angle sound localization study
conducted with an Indian elephant, one of the manatee’s closest relatives, found that the
elephant only utilized time and intensity level difference cues to localize sounds (Heffner
& Heffner, 1982). The design of this manatee study did not specifically address what
cues were utilized to localize the test sounds presented, however several factors should be
considered. For instance, the unique stationing postures developed by both subjects when
the third test speaker was introduced and positioned at 0o may have been a way to
position themselves at an angle where they could better utilize time of arrival cues.
Likewise, because all of the test signals were played at the same spectrum intensity level,
those with broader frequency spectra had louder root mean square amplitudes which may
have been used to differentiate intensity levels. Finally, because the manatee’s head is
large in comparison to the ear, sound shadowing may have caused phase differences that
the animals could have utilized as differential cues.
The results of this study were based on four speaker locations, positioned parallel
to and in front of the subject, but it is not known if manatees possess the ability to
localize sounds in all 360o around them. In addition, the speaker locations were
positioned 45o apart. Error distributions suggested that the subjects used a “nearest
neighbor” strategy to localize the broad-band test sounds. Almost all of the localization
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studies conducted with both terrestrial and marine mammals have been minimal audible
angle studies, in which the smallest amount of movement of a sound source that can be
detected is measured (Mills, 1958). The minimum audible angle study design requires
that the subject identify a just-detectible change from a particular reference point. The
design used in this study required that the subject locate a sound source relative to his
own location. Both designs have resulted in consistent sound localization measurements
(Brown, 1994; Brown & May, 1990), however it remains unknown if smaller angles
between the speaker locations would result in different performance accuracy rates for
manatees.
Understanding how the endangered manatee perceives its environment is a crucial
component to making competent management decisions. All of the conservation efforts
put in place, including the implementation of boater slow speed zones and manatee
preservation areas, have been based upon field studies that determine high manatee
abundance areas (Reynolds & Wilcox, 1986) and those that focus on boater behaviors
(Gorzelany, 2004). Understanding how the manatee’s sensory systems assimilate
information and react to environmental stimuli is an important factor that should be
considered in conservation management.
This research has increased our understanding of the manatee’s sound localization
abilities, but future studies should expand upon these results. Studies which measure
minimum audible angles within a 360o area, or investigate localization abilities within the
vertical and/or distance planes and measure the use of interaural time, intensity level,
and/or phase differences, or incorporate additional broad-band and pure tone frequencies
of various durations and intensity levels into a similar study would be of great value.
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Appendix A:
The Computer Protocols Used For all Phases of the Experimental Conditions

A graphical user interface, programmed in Visual C was designed to run each
phase of the experimental conditions (Figure B1). A drop-down subject menu was
designed to distinguish which subject was being tested, and this selection automatically
referenced and played that animal’s stationing and reinforcement tones throughout the
block. A “notes” section allowed any comments to be digitally recorded relative to that
block.
The “set-up” section defined how many speaker locations were to be tested, how
many trials were to be run from each of those speakers, and how many of the test sounds
could be played from the same location in a row. In addition, broad-band noise bursts or
tonal signals were defined as were the frequency range to be tested, the sound duration,
the dB level (always set at 3dB), and if the sounds were to be automatically digitally
recorded.
The “speaker” section provided information about which speaker location each
test sound was played from (0 was the 900 location, 1 was the 2700 location, 2 was the
3150 location, and 3 was the 450 location). If needed, a manual switching check box was
included, which allowed the Data-recorder to select the location of the test sound to be
played, rather than the randomized location generated by the program.
The “status” section defined and digitally recorded how many trials had been
completed within the block, and of those, how many were correct and how many were
wrong. The start button initiated the block of twelve trials once the subject and
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conditions were defined, and the stop button was used only if the block had to be ended
prior to the completion of the twelve trials.

Figure A1: The graphical user interface screen (programmed in Visual C) used to setup the experimental
conditions and automatically download the results into an Excel file during the testing sessions.

The correct experimental conditions needed to be incorporated for each portion of
the session, including the warm-up, practice, testing, and cool-down trials (a total of 56
trials were run per animal per session). In all portions of a session, four speaker
locations, a maximum of two trials in a row per location, and a randomized level of three
dB were held constant.
In the warm-up trials, two trials were set up per speaker for a total of eight trials.
The noise button was selected and the frequency range was defined from 20,000-200 Hz.
The sound duration was defined as 3 seconds.
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In the practice trials, two trials were set up per speaker for a total of eight trials.
Either the noise or tone button was selected depending on which sound condition was
being tested in that session. If a broad-band noise was being tested, the frequency range
was defined. If a pure tone was being tested, the single frequency level was entered in
the low-pass frequency box and a zero was entered in the high pass frequency box. The
sound duration was defined according to which condition was being tested in that session.
In the testing trials, all of the settings defined in the practice trials were
maintained except for the number of trials per speaker, which was changed from two to
three, for a total of twelve trials. These settings were maintained for a total of three
testing blocks.
In the cool-down trials, one trial was set up per speaker for a total of four trials.
The noise button was selected and the frequency range was defined from 20,000 to 200
Hz. The sound duration was defined as 3 seconds.
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Appendix B:
Data-recording Protocols Used to Document Each Session on a Tank-side Data Sheet.
All of the session’s general information was documented on the data sheet (Figure
B1). This included the date and who the Test Trainer, Data-recorder, and Stationing
Trainer were. Specific information was documented for all for portions of the session
(warm-up, practice, three test blocks and the cool-down trials) per subject including
frequency(ies) and sound duration levels, start and end time, the location of each trials’
test sound, if the subject was correct or incorrect, and if incorrect – the location the
subject erroneously selected. Additional information was included for each test block
including the video tape number and counter start and stop times, the number of times the
test subject left or attempted to leave in that block, the number of times the test subject
was interrupted by the other animal, the amount of time the other animal was on task, and
the test subject’s behavioral rating from a scale of one to five, where one indicated that
the animal did very poorly and was not able to complete the task and five indicated that
he did an excellent job. A comment section was also provided to add additional
information if needed.
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Figure B1. The tank-side data-recording sheet used to document each session.
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Appendix C:
Error distribution within the 12 broad-band conditions
A conditional error distribution was determined by comparing the percent correct
to the percent wrong at each speaker location within the 12 individual broad-band
conditions. The error distribution is shown for all of the duration conditions within the
0.2 - 20 (Figure C1), 6 - 15 (Figure C2), and 0.2 - 2 kHz (Figure C3) broad frequency
conditions.
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Figure C1. Percent correct and distribution of errors by duration within the 0.2 - 20 kHz condition. The
correct speaker location is notated by double parenthesis. Hugh’s results are always presented below the
graph lines in teal and Buffett’s are above the lines in maroon.
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Figure C2. Percent correct and distribution of errors by duration within the 6 - 20 kHz condition. The
correct speaker location is notated by double parenthesis. Hugh’s results are always presented below the
graph lines in teal and Buffett’s are above the lines in maroon.
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Figure C3. Percent correct and distribution of errors by duration within the 0.2 - 2 kHz condition. The
correct speaker location is notated by double parenthesis. Hugh’s results are always presented below the
graph lines in teal and Buffett’s are above the lines in maroon.
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